The complete mitochondrial genome (mitogenome) of Bombyx mori strain Dazao (Lepidoptera: Bombycidae) was determined to be 15,653 bp, including 13 protein-coding genes (PCGs), two rRNA genes, 22 tRNA genes and a A + T-rich region. It has the typical gene organization and order of mitogenomes from lepidopteran insects. The AT skew of this mitogenome was slightly positive and the nucleotide composition was also biased toward A + T nucleotides (81.31%). All PCGs were initiated by ATN codons, except for cytochrome c oxidase subunit 1 (cox1) gene which was initiated by CGA. The cox1 and cox2 genes had incomplete stop codons consisting of just a T. All the tRNA genes displayed a typical clover-leaf structure of mitochondrial tRNA. The A + T-rich region of the mitogenome was 495 bp in length and consisted of several features common to the lepidopteras. Phylogenetic analysis showed that the B. mori Dazao was close to Bombycidae.
Introduction
Insect mitogenome DNA (mtDNA) is a circular molecule with 14-19 kb in length and contains 13 protein coding genes (PCGs), subunits 6 and 8 of the ATPase (atp6 and atp8), cytochrome c oxidase subunits 1-3 (cox1-cox3), cytochrome B (cob), NADH dehydrogenase subunits 1-6 and 4 L (nad1-6 and nad4L), two ribosomal RNA genes encoding the small and large subunit rRNAs (rrnL and rrnS), 22 transfer RNA (tRNA) genes and a A + T-rich region which contains initiation sites for transcription and replication [1] [2] [3] . Mitochondrial DNA has been widely used as an informative molecular marker for diverse evolutionary studies among species [3] .
Although Lepidoptera is the 2nd most numerous order of insects, only a few complete or near-complete mitogenomes are currently available in GenBank ( Table 1 ). The silk-producing insects with economic value in Lepidoptera belong to two families of moth, Bombycidae and Saturniidae. The complete mitogenomes of three species of Bombycidae and six species of Saturniidae were sequenced: Bombyx mori Xiafang [4] , Bombyx mori C108 [5] , Japanese B. mandarina [5] and Chinese B. mandarina [6] belonging to family Bombycidae; Antheraea pernyi [7] , Antheraea yamamai [8] , Eriogyna pyretorum [9] , Samia cynthia ricini [10] , Actias selene [11] and Caligula boisduvalii [12] belonging to the family Saturniidae.
Bombyx mori strain Dazao, a member of the Bombycidae family, is an important model organism and used as a bioreactor for the production of recombinant proteins [28] . In the present study, the complete mitogenome of B. mori strain Dazao was sequenced. The phylogenetic analyses to the selected species from Lepidoptera, Orthoptera and Diptera based on the mitogenome sequences were performed using the neighbor-joining (NJ) method.
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DNA extraction
The silkworm strain Dazao was maintained in our laboratory. All larvae were fed with fresh mulberry leaves under normal conditions. Total DNA was isolated from the third day of fifth instar larvae using the Aidlab Genomic DNA Extraction Kit (Aidlab Co., Beijing, China) according to the manufacturer's instructions. Extracted DNA was used for PCR amplification of the complete mitogenome.
PCR amplification and sequencing
For amplification of the entire mitogenome of B. mori strain Dazao, nine primer sets were designed according to the conserved nucleotide sequences of known mitochondrial sequences from Lepidoptera insects [4] [5] [6] [7] [8] [9] [10] [11] [12] and synthesized in Sunbiotech Co., Ltd. (Beijing, China) ( Table 2 ). The fragments were amplified using Aidlab Taq Kit (Aidlab Co., Beijing, China) according to the manufacturer's instructions. The PCR was performed under the following conditions: 3 min at 94°C, followed by 35 cycles of 30 s at 94°C, 1-3 min at 55-60°C, 10 min at 72°C. The PCR products were separated by agarose gel electrophoresis (1% w/v) and purified using a DNA gel extraction kit (Aidlab Co., Beijing, China). The purified PCR products were ligated into the T-vector (TaKaRa Co., Dalian, China) and sequenced at least three times at Sunbiotech Co., Ltd., (Beijing, China).
Sequence assembly and gene annotation
Sequence annotation was performed using the blast tools in NCBI web site (http://blast.ncbi.nlm.nih.gov/Blast) and DNAStar package (DNAStar Inc. Madison, USA). Identification of tRNA genes was verified using the tRNAscan-SE program. The potential stem-loop secondary structures within these tRNA gene sequences were calculated using the tRNAscan-SE Search Server (http://lowelab.ucsc.edu/tRNAscan-SE/) [29] . The secondary structures of tRNA genes that could not be predicted using the tRNAscan-SE were analyzed by comparison with the nucleotide sequences of other insect tRNA sequences [4] [5] [6] [7] [8] [9] [10] [11] [12] . The PCGs were identified by sequence similarity with B. mori C108 [5] . The nucleotide sequences of PCGs were translated with the invertebrate mitogenome genetic code. Alignments of PCGs from various Table 2 Primers used for amplification of the mitogenome of B. mori Dazao.
Primer pair
Primer sequence (5′→ 3′)   F1  GCTTTTGGGCTCATACCTCA  R1  GATGAAATACCTGCAAGATGAAG  F2  TGGAGCAGGAACAGGATGAAC  R2  GAGACCADTACTTGCTTTCAG  F3  ATTTGTGGAGCTAATCATAG  R3  GGTCAGGGACTATAATCTAC  F4  TCGACCTGGAACTTTAGC  R4  GCAGCTATAGCCGCTCCTACT  F5  TAAAGCAGAAACAGGAGTAG  R5  ATTGCGATATTATTTCTTTTG  F6  ACATTCTTAGGTGGATTA  R6  GTTAAAGTGGCATTATCT  F7  GGAGCTTCTACATGAGCTTTTGG  R7  GTTTGCGACCTCGATGTTG  F8  GGTCCCTTACGAATTTGAATATATCCT  R8 AAACTAGGATTAGATACCCTATTAT F9 CTCTACTTTGTTACGACTTATT R9 TCTAGGCCAATTCAACAACC Fig. 1 . Map of the mitogenome of B. mori strain Dazao. tRNA genes are labeled according to the IUPAC-IUB. Single letter amino acids above the bar indicate coding sequence on major strand whereas below the bar indicates coding on minor strand. Anti-clockwise PCGs or rRNA genes are located on L strand and others are located on H strand. lepidopteran mitogenomes were performed using Clustal X [30] . Composition skewness was calculated according to the formulas: [31] . Tandem repeats in the A + T-rich region were predicted using the Tandem Repeats Finder program (http://tandem.bu.edu/trf/trf.html) [32] .
Phylogenetic analysis
To reconstruct the phylogenetic relationship among lepidopteran insects, the complete mitogenomes of 26 lepidopteran species were obtained from the GenBank database (Table 1 ). These mitogenomes were divided into 11 lepidopteran superfamilies within the lepidopteran suborder. The mitogenomes of Locusta migratoria (NC_001712), Drosophila yakuba (NC_001322) and Anopheles gambiae (NC_002084) were used as outgroups [33] [34] [35] . The amino acid sequences of each of the 13 mitochondrial PCGs were aligned using default settings and concatenated. The concatenated set of amino acid sequences from the 13 PCGs was used in phylogenetic analysis, which was performed using neighbor-joining (NJ) method with the MEGA version 5.0 program [36] .
Results

Genome organization and base composition
The mitogenome of B. mori Dazao is a closed circular molecule of 15,653 bp. The gene content is typical of other insect mitochondrial genomes, including 22 tRNA genes (one for each amino acid, two for leucine and serine), 13 PCGs (cox1-3, nad1-6, nad4L, cob, atp6 and atp8), two mitochondrial ribosomal RNAs (rrnS and rrnL), and a A + T-rich region (Fig. 1) . The order of genes and the orientation of the mitogenome of B. mori Dazao are identical to the sequenced lepidopteran mitogenomes. The placement of the trnM tRNA gene in the B. mori Dazao mitogenome differs from the ancestral gene order observed in insects. The ancestral order is: A + T-rich region, trnI, trnQ, trnM, nad2 [39] . The placement of trnM may therefore represent a molecular feature exclusive to lepidopteran mtDNAs [3, 37] . The nucleotide composition of the mitogenome of B. mori Dazao is: A = 6732 (43.01%), T = 5995 (38.30%), G = 1154 (7.37%) and C = 1772 (11.32%). As observed in other lepidopterans, the nucleotide composition of the B. mori Dazao mitogenome is biased toward A + T (81.31%) ( Table 4 ).
Overlapping and intergenic spacer regions
The B. mori Dazao mitogenome has a total of 31 bp overlap between genes in eight locations. Two longest eight nucleotides overlaps located between trnW and trnC as well as trnF and nad5 were found (Table 3) , however, the eight nucleotides overlap between trnF and nad5 are not detected in other lepidopteran species. Seven nucleotides overlap between atp8 and atp6 is common to many other insect mitogenomes. The overlapping between trnW and trnC are also detected in other lepidopteran species such as C. boisduvalii [12] , A. pernyi [7] , Ostrinia furnacalis and Ostrinia nubilalis [17] . The B. mori Dazao mitogenome contains 338 bp of intergenic spacer sequences spread over 19 regions ranging in size from 1 to 55 bp. The longest spacer sequence is 55 bp, located between the trnA and nad3 genes, is extremely A + T rich (100.00%) ( Table 4 ). 
Protein-coding genes
All protein-coding sequences in the B. mori Dazao mitogenome were initiated by typical ATN codons (ATA for nad2, atp8, nad2 and cob genes, ATG for cox2, atp6, cox3, nad4 and nad4L genes, ATT for nad1, nad5 and nad6 genes) with the exception of the cytochrome oxidase subunit 1(cox1) ( Table 3 ). The sequence of the 13 PCGs is 11195 bp in length and the arrangement of the PCGs is same as that in the other sequenced lepidopterans. The A + T nucleotides composition of 13 PCGs in the mitogenome of B. mori Dazao is 79.57% (Table 4 ). Sequence alignment revealed that the open reading frame of cox1 in B. mori Dazao also starts with a CGA codon for encoding arginine [10] . The canonical termination codon (TAA) occurs in 11 PCGs in the B. mori Dazao mitogenome and the other two PCGs (cox1 and cox2) were terminated with a single T. The cox1 and cox2 have incomplete stop codons found in all sequenced lepidopterans.
tRNA genes
The structure of tRNA genes was predicted using the tRNAscan-SE Search Server [12] . The B. mori Dazao mitogenome contains 22 tRNA genes ranging in size from 64 (trnR) to 71 nucleotides (trnL1 and trnK). As shown in Fig. 2 , all tRNAs displayed the typical clover-leaf secondary structure observed in mitochondrial tRNA genes from several lepidopteran and metazoan insects [1, 4] . Among the 22 tRNA genes, 14 were encoded by the H-strand and eight were encoded by the L-strand. The total length of 22 tRNAs in the mitogenome of B. mori Dazao is 1480 bp and the A + T contents is 81.76% (Table 4 ).
rRNA genes
As typically observed in other insect mitogenomes, the rrnL and rrnS genes of the B. mori Dazao mitogenome are 1378 bp and 783 bp in length, respectively. These two rRNA genes are located between trnL1(CUN) and trnV, and between trnV and the A + T-rich region, respectively. The A + T content of the two rRNA genes are 84.73%, which is within the range reported for other lepidopterans (Table 4 ).
The A + T-rich region
The A + T-rich region of B. mori Dazao was located between the rrnS and trnM and 495 bp nucleotides long. The A + T-rich region contained 95.15% A + T contents, which was the highest in the mitogenome (Table 4 ). Several conserved structures of other lepidopteran mitogenomes were also observed in the A + T-rich region of B. mori Dazao mitogenomes. There is a structure including the motif 'ATAGA' and poly-T stretch at the 18 bp downstream of the rrnS gene. A macrosatellite (AT)n element and a12 bp poly-A commonly observed in other lepidopteran mitogenomes was also found immediately upstream of the trnM gene. Within the A + T-rich region of B. mori Dazao mitogenomes, we also identified two tandem repeat elements, which contains two 31 bp repeat elements and three 36 bp repeat elements (Fig. 3 ).
Phylogenetic analysis
According to the most recent consensus view of lepidopteran relationships, Bombycoidea, Noctuoidea,Papillonoidea and Geometroidea are designated as the Macrolepidoptera. Pyraloidea together with Macrolepidoptera are designated as Obtectornera; Tortricoidea is the sisters to the remaining lepidopteran superfamilies [38] . In the present study, the concatenated amino acid sequences of the 13 PCGs of the mitochondrial genome were used to reconstruct the phylogenetic relationships among the superfamilies of lepidopteran by the neighbor-joining (NJ) method (Fig. 4) . These 26 mitochondrial genomes represent six superfamilies within the lepidopteran suborder: Bombycoidea, Noctuoidea, Pyraloidea, Tortricidea, Papillonoidea and Geometroidea. The phylogenetic analyses show that Bombycidae (B. mori and B. mandarina), Sphingoidae (M. sexta), and Saturniidae (A. selene, A. pernyi, A. yamamai, S. cynthia ricini, E. pyretorum and C. boisduvalli) were clustered in one branch in the phylogenetic tree. H. cunea and H. armigera within Noctuoidea are close to Bombycoidea. Our phylogenetic analyses of these superfamilies support the traditional morphology-based classification [38] .
Discussion
Using the polymerase chain reaction method, the mitogenome of B. mori Dazao is determined as a circular molecule of 15,653 bp and longer than other known complete lepidopteran mitogenomes. The order of genes and the orientation of the mitogenome of B. mori Dazao are identical to the sequenced lepidopteran mitogenomes. Differing from the ancestral gene order observed in some insects, the order of the trnM tRNA gene in the B. mori Dazao mitogenome is as follows: A + T-rich region, trnM, trnI, trnQ, nad2 (Fig. 1) ; whereas the ancestral order is: A + T-rich region, trnI, trnQ, trnM, nad2 [39] . The similar results were also found in other lepidopteran insects [4] [5] [6] [7] [8] [9] [10] [11] [12] , suggesting that the lepidopteran insects may have acquired such an orientation and gene order independently after splitting from the ancestral insects [13] .
The nucleotide composition of the B. mori Dazao mitogenome is biased toward A + T (81.31%) (Table 4 ) and the A + T content is higher than that in other lepidopteran species such as O. Lunifer Different from the other PCGs, cox1 is initiated by CGA codon and this non-canonical putative start codon is also found in some insects [5, 20, 21, 24] . The TTAG tetra-nucleotide is a putative start codon in C. raphaelis [25] and the TATTAG also represents a putative start codon in the moth species, O. nubilalis and O. furnicalis [17] . An unusual start codon for the cox1 gene has also been described in various arthropod mtDNAs [40] .
Like the mitogenomes of most animals, all tRNA genes have a typical clover-leaf structure of mitochondrial tRNA [3] . However, the DHU arm of trnS1(AGN) could not form a stable stem-loop structure [9] [10] [11] . Compared with other lepidopteran species, the A +T-rich region is longer than that of A. yamamai (334 bp), C. boisduvalii (330 bp), M. sexta (324 bp), O. lunifer (319 bp), C. raphaelis (375 bp), P. atrilineata (457 bp), A. melete (351 bp), Chinese B. mandarina (484 bp), A. honmai (489 bp) and B. mori C108 (494 bp), and shorter than that of A. pernyi (552 bp) and Japanese B. mandarina (747 bp). The A+T-rich region contained 95.15% A +T content, which was the highest in the mitogenome (Table 4 ). There are some common structures such as the motif 'ATAGA' and poly-T stretch at the 18 bp downstream of the rrnS gene in lepidopteran mitogenomes [4] [5] [6] [7] [8] [9] [10] [11] [12] , which may represent the origin of minority or light strand replication [41] . Within the A +T-rich region of B. mori Dazao mitogenomes, we also identified two 31 bp repeat elements and three 36 bp repeat elements. The presence of multiple tandem repeat elements is a characteristic of the insect A +T-rich region [42] [43] [44] . In A. pernyi, the A+T-rich region harbors a repeat element of 38 bp, occurring six times in tandem [7] , while in A. roylei and the wild type of A. pernyi this element is present in five repeats [45, 46] .
